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Effect of Transient Coronary Occlusion on Coronary Blood Flow
Autoregulation, Vasodilator Reserve and Response to Adenosine
In the Dog
BRUCE R . ITO, PHD, DANIEL H LIBRATY, MD, ROBERT L
. ENGLER, MD
Son Lhego
. C'u)ijnnia
Myocardial ischemia of short duration (15 to 20 min) produces
myocardial "stunning" during reperfusion . The vasoregulatory
and contractile status of reperfused myocardium during normal
and reduced perfusion pressures is of Interest in the treatment of
patients with unstable angina . In the present study the effects of
15 min of reversible ischemic injury on several aspects of coronary
vasoregulation were assessed with use of pressure-flow, curves in
anesthetized open chest dogs. The left anterior descending coro-
nary artery was cannulated and perfused with arterial blood with
use of a servo-controlled roller pump . The autoregulatory gain
and an adenosine dose-response curve for coronary flow before
and after ischemia and reperfusfon were obtained .
The maximal autoregulatory gain values in the pressure range
of 140 to 60 mm Hg were not significantly different before and
after ischemia and reperfusion (0.41 ± 0.08 vs . 0.5 ± 0.06, p >
0.1) . The adenosine dose-response curve was significantly shifted
to the right after reperfusion ; however, coronary blood flows
during maximal adenosine vasodilatiun over a large range of
Brief periods of severe ischemia insufficient in duration to
result in myocardial necrosis produce contractile dysfunc-
tion ("stunned myocardium") of varying magnitude that can
remain for several hours to days . This condition is charac-
terized by depressed systolic shortening
(t-3)
and reduced
levels of high energy phosphates (4) but a near normal
maximal shortening during inotropic stimulation (5-7) . How-
ever, little information is available concerning coronary
vascular regulation in the stunned myocardium . It is contro-
versial whether the coronary vascular flow reserve is com-
promised in postischemic myocardium (8-12) and if the
normal ability of the vascular bed to autoregulate is im-
paired . Coronary auloregulation can be defined as the intrin-
sic ability of the heart to maintain a relatively constant blood
flow after changes in perfusion pressure at a constant level of
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perfusion pressures (140 to 60 mm Hg) were significantly greater
after ischemia and reperfnsion . The pressure-dependent decrease
in segment shortening (sonomicrometry) over the coronary pres-
sure range of 160 to 30 mm Hg was similar in myocardium before
and after stunning . Contractile function in the stunned myaear .
dium at normal (100 mm Hg) and low (40 mm Hg) coronary
perfusion pressures was similarly and significantly enhanced by
the administration of adenosine .
It is concluded that 1) coronary autoregutalion is unchanged
after brief ischemia and reperfusion ; 2) although maximal coro-
nary vascular conductance assessed with adenosine is greater after
ischemia, the coronary circulation shows a decreased coronary
sensitivity to exogenous adenosine; 3) the relation of contractile
function to coronary pressure before and after stunning is an.
changed
; and 4) enhancement of function in stunned myocardium
by vasodilation with adenosine occurs at low and normal perfusion
pressures.
(J Am Coll
Cardlel 1991;18x858-67)
myocardial oxygen consumption (MVO 2) ( I3). This process
is an important homeostatic mechanism for maintaining
adequate nutrient and oxygen delivery to the myocardium
when coronary perfusion pressure is reduced (that is, wlth
systemic hypotension or distal to a coronary artery narrow-
ing due to atherosclerosis . thrombus or vasospasm) .
Abnormalities in the ability of stunned myocardium to
maintain blood flow in the setting of reduced driving pres-
sures could exacerbate the degree of ischemia and tissue
injury with repeated ischemic results. Adenosine has been
hypothesized (14,15) to he a mediator responsible for the
metabolic and ausoregulatory adjustments of coronary blood
flow. Recent studies (16) also suggest a direct role of a
vascular smooth muscle adenosine triphosphate-sensitive
potassium channel in hypoxic vasodilation and reactive
hyperemia . Shifts in the dose-response curve in response to
adenosine may explain some of the present controversies in
the determination of flow reserve in stunned myocardium .
The mechanism responsible for depressed function in
stunned reperfused myocardium remains unclear . The two
major hypotheses involve I) a primary decrease in myocyte
contractility with adequate blood supply, or conversely, 2) a
decreased myocyte function secondary to residual ischemia .
In this latter hypothesis, the insufficient delivery of blood to
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small groups of myocytes as a result of heterogeneous
"microvaseular ischemia" is postulated to produce a depres-
sion of wall function in the absence of a gross tissue
underperfusion . The second hypothesis might lead to en
altered relation between coronary perfusion pressure and
regional function .
The objectives of the present studs 'ere to assess the
effects of reversible ischemic injury an 1) coronary autoreg-
ulation . 2) the sensitivity of the coronary bed to adenosine-
induced vasodilation . 3) the magnitude of the vasodilator
reserve recruitable by exogenous adenosine . 4) myocardial
contractile function in the absence and presence of adeno-
sine over a range of coronary perfusion pressures . and 51 the
myocardial perfusion pressure-function relation .
Methods
Experimental preparation, Nine male or female adult
mongrel dogs (20 to 30 kg) were premeditated with morphine
(2.5 mg/kg body weight intramuscularly) and anesthetized 10
to 15 min later with alpha-chloralose (100 mg/kg intravenous-
ly)
. After intubation with a cuffed endotracheal tube, animals
were ventilated with a positive pressure respirator (Harvard
Apparatus) with an end-expiratory pressure of 3 to 5 cm of
water
. Arterial blood was regularly sampled for determina-
tion of partial pressure of oxygen
(P0,) and carbon dioxide
(Pco) and pH (Radiometer ABL-3)
. Blood gas values were
kept within physiologic range by adjustments of the ventila-
tory rate, oxygen supplementation and intravenous sodium
bicarbonate . The anesthetic level was maintained with bolus
doses of alpha-chloralose (250 to 500 mg intravenously) and
morphine (IS mg/h subcutaneously)
. Animal core tempera-
ture (rectal) was monitored (Yellow Springs Instruments)
and maintained at 37'C with a circulating water heating pad .
Aortic blood pressure was measured with a strain gauge
manometer (Statham P23Db) through a polyethylene cathe-
ter placed into the aorta through the right femoral artery
.
Left ventricular pressure was obtained with use of a cali-
brated 7F catheter tip manometer (Millar) inserted into the
left ventricle through the right carotid artery . This signal was
recorded at full scale and high gain for determination of peak
left ventricular and end-diastolic pressures and differentiated
to obtain the first derivative of left ventricular pressure
(dP1dU .
The heart was exposed through a left thoracotomy in the
fifth intercostal space and suspended in a pericardial cradle .
A section of the left anterior descending coronary artery just
distal to the bifurcation of the left main artery was dissected
free from underlying tissue for cannulation
. Anticoagulation
was achieved with sodium heparin (500 U/kg intravenously)
and maintained by hourly supplemental doses of heparin
(250 U/kg intravenouslyt. The heart was paced from the left
atria) appendage at a constant rate of 80 to 90 beats/min
. In
seven dogs
. beta-adrenergic receptor blockade was achieved
with propranolol (I mg/kg intravenously) given at the start of
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the experiment and a second dose after reperfusion 90 min
later .
Coronary artery perfusion . The left anterior descending
coronary artery was cannulated with a Silastic and polyeth-
ylene canmda and perfused from the left common carotid
artery with use of a low pulsation, servo-controlled roller
pump ( 17) . Coronary artery perfusion pressure was mea-
sured just proximal to the cannula tip through a side arm
(Statham 23dB). Coronary blood flow was measured with a
transit time flow transducer (Transonics Inc .) in the perfu-
skin circuit . Occlusive zero flow records were obtained
repeatedly during each experiment without interruption of
coronary flow by use of a flow probe bypass
. The flow probe
was calibrated with blood with use of the timed collection
method . At the termination of each experiment, monastral
blue dye (2 ml) /Sigma) was rapidly injected (10 s) into the
perfusion line and the heart arrested with an intravenous
bolus injection of saturated potassium chloride
. The weight
of the dyed portion was used to estimate the mass of the
myocardium perfused by the left anterior descending artery
for normalization of measured coronary blood flow to gram
of myocardium.
Sonomicrometry . Pairs of lensed ultrasonic dimension
crystals (2-mm diameter) were placed into the inner third of the
myocardial wall (6- to 8-mm deep) approximately I- to 1 .5-cm
apart and perpendicular to the base-apex chord to allow
continuous measurement of regional myocardial contractile
function . One crystal pair was placed into the region perused
by the cannulated left anterior descending coronary artery
(treatment region)
. A second pair (control) was placed into the
area perfused by the circumflex artery in the basolmeral region
of the ventricular free wall to monitor contractile function in a
region not made ischemic . Dimension signals were calibrated
before and after each experiment
.
Experimental protocol
. During each experiment . data
were collected for 1) generation of a coronary pressure
versus coronary blood flow autoregulatory curve: 2) an
adenosine dose-response curve
: and 3) a coronary pressure
versus coronary blood flow curve in the presence of maximal
coronary vasodilation with
a denosine . as determined from
the plateau of the dose-response curve . All three experimen-
tal curves were obtained under control conditions and again
after 15 min of left anterior descending artery occlusion and
30 min of reperfusion .
Cane l . For the generation of the coronary pressure
versus coronary blood flow curve, the left anterior descend-
ing coronary artery perfusion pressure was changed in 10-or
20-mm He stepwise decrements. beginning at a coronary
pressure of 160 mm Hg and ending when regional dyskinesia
was observed . At each level of perfusion pressure, mean
coronary flow was allowed to reach steady state (approxi-
mately fi0 to 90 s) before data were recorded . Coronary
pressure was returned to 100 mm Hg after the last point
.
Cur re 2 .
With coronary perfusion pressure constant and
controlled at 100 mm Hg
. an adenosine dose-response curve
was obtained .
.Adenosine (Sigma) was diluted to a concen-
860
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nation of0 .02 mg/ml in normal saline solution . This standard
solution was placed in a 50-m1 syringe and infused directly
into the perfusion tubing circuit at a constant rate by a
calibrated syringe pump (Harvard Apparatus) . Infusion rates
were increased in a stepwise fashion until coronary flow no
longer increased (range 0 .2 to 172 µg/min)
. At each infusion
rate, mean coronary flow was allowed to reach steady state
before the data were recorded .
Cure 3. At the adenosine infusion rate that produced
maximal coronary blood flow . coronary pressure was again
increased to 160 mm Hg and stepwise decrements of 10 to
20 mm Hg were obtained until contractile dyskinesia was
seen . Data were recorded in the same manner as for curve 2 .
A4er the preisrhernin data collection, left anterior de-
scending artery flow was stopped by turning off the servo.
pump and clamping the perfusion circuit for 15 min . After
IS min, the occlusion was released
. coronary perfusion
pressure returned to 100 mm Hg and coronary blood flow
and segmental function were allowed to stabilize for 30 min .
Atrial pacing was discontinued during the ischemic and
reperfusion periods. After atria) pacing was restarted at the
preischemic rate, the experimental protocol was repeated .
Aortic pressure, left ventricular pressures
. including end-
diastolic pressure and dP/dt . myocardial segment lengths (as
assessed by sonomicrometry), coronary perfusion pressure
and mean coronary blood flow were recorded on an eight-
channel oscillographic recorder (Gould) . All measurements
were obtained with respiration suspended at end-expiration
to avoid respiratory fluctuations in the measured variables .
Data analysis . At each experimental point, end-diastolic
coronary perfusion pressure, mean coronary blood flow, peak
left ventricular pressure, left ventricular end-diastolic pressure,
left ventricular dP/dt and segment lengths were read from the
analog records . Data from a representative cycle of three to
four consecutive cardiac cycles were taken for each point .
Regional segment lengths (in mm) were determined at end-
diastole and end-systole . The end-diastolic length (EDL) was
measured at the onset of the positive deflection in the dP/dt
signal
. The end-systolic length (ESL) was measured at 20 ms
before peak negative dP/dl . Regional myocardial percent seg-
mental shortening was defined as (EDL - ESL)/EDL X 100 .
In each dog, coronary blood flow was normalized to the weight
of the perfused region .
Table I
. Heart Rate, Left Ventricular Pressure, Left Ventricular End-Diastolic Pressure Before Ischemia and After Ischemia and
Reperfusion at the Indicated Coronary Perfusion Pressures in Nine Dogs
Statistical analyses of the hemodynamic variables (heart
rate, left ventricular pressure . left ventricular end-diastolic
pressure) during the various experimental maneuvers were
made with use of a one-way analysis of variance . For
hemodynamic data in the pressure-flow curves, the values
from each dog at selected coronary perfusion pressures 1140,
100, 60,40 mm Hg) were used. For hemodynamic variables
in the adenosine dose-response curves, values at three
infusion levels in each dog were used . The comparison of
autoregulatory gains between preischemic and postischemic
data sets was made with Tukey's lest after analysis of
variance
. In all other groups, comparisons after an interven-
tion at a given coronary perfusion pressure were made with
use of a two-tailed paired t test. All values are presented as
mean values ± SEM .
Retrospectively, a subgroup of five dogs with preischemic
autoregulatory gains >0.4 were analyzed separately to ex-
clude the possibility that poor autoregulation before isch-
emia in some dogs had masked an effect of ischemia on
autoregulatory gain. The method of quantification of auto-
regulatory gain is described in the Appendix
.
Results
Myocardial stunning . Before ischemia, the average per-
cent systolic segmental shortening in the left anterior de-
scending region was 24 ± 2
.7% of the end-diastolic length
(13
.28 t 0
.88 mm) (n = 9) . In all nine dogs, this segment was
akinetic or exhibited paradoxic systolic lengthening during
left anterior descending artery occlusion, with an average
percent segmental shortening value of -10 .5 ± 5%
. By the
end of the reperfusion period (30 min), percent segmental
shortening was 16.4 ± 3 .2% of the end-diastolic length (13 .09
0.73 mm), a significant 34 .2 ± 6
.7% reduction (p < 0.01)
compared with the preischemic value . In contrast, segmental
shortening in the circumflex artery-perfused region after left
anterior descending artery ischemia (9 .5 ± 1 .9%) was not
significantly different (p > 0
.1) compared with its control
value (10
.5 ± 1 .4%)
.
Hemodynamic variables. Heart rate, left ventricular end-
diastolic pressure and peak left ventricular pressure mea-
surements are presented in Table I for the autoregulatory
data . An analysis of variance among the groups showed no
Values are mean values x SERF . Statistical compuneo. ... rathe fourgmaps demonstrated
-difference
in any of the variables (p > 0 .1). -ADO and +ADO
= without and with adenosine, respectively : Core = camnary perfusion pressure : LVEDP = left ventricular end-diastolic pressure
: LVP = peak lea ventricular
pressure: Post = after ischemia ; Pre = before ischemia .
Heart Rate Ibeatslmm)
LVP fmm Hot LVEDP (mm Hg)
Corp = 140 Corp = 100
CorP = 60
CorP = 140
CarP = 140
CaP = 100
CorP = 60
Pre (-ADO) 93.9 t 4 .9 131 .9 ± 12.4 133
.2
'- 11 .8 131 .1 t 10 .9 7.22 t 0.86 7.28- 1 .0 7 .50 1 1 .0
Pre (,ADO) 93.9 ± 4 .9 131 .4 1 13 .2 1333x12.5 132.6 6 .56±1 .1 6.56 1 .0 6.70
Post (-ADO)
Post (,ADO)
92.1 ± 5 .0
92.1 ± 5 .0
115 .4 x 7.5
111 .3
.
7.5
113 .626.7
112.3 x 8 .1
114.4x7 .5
115 .9 x 9.0
5 .67!1 .1
5 .56 1 1 .9
5.5551 .1
5.61 12
5 .78
6.11
t
1,5
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Table 2. Hemodynamic Variables During .Adenosine Dose-
Response Determinations Before and Ancr Ischemia in e-st~~ (-000)
Seven Dogs
0
1 3-
3
l
Pre 92.6 05 .2 99 .3`--0 .7 1281
•.
13
.0
79-n<
Post 90 .7x5 .1 99 .3v0.8 114 .4x5 .5
7
.3t111
Values are mean values _ SEM . Statistical eompoimnz be
:-l-,
ar
ce 6elweeIt the groups demanstmted no significant difference in any Dr
the variables
(p
1011,
Abbreviatmns as In Table I .
E
E
U
7 .0-
6.0-
5 .0-
4 .0-
3 .0-
2 .0-
1 .0-
0 .0
0
Henn Rate
(heutslmin)
Curl'
(non Hg)
LVP
Inn, Hg)
significant difference in these variables at the selected per-
fusion pressures (p > 0.1) . Similarly . Table 2 presents the
heart rate, coronary pressure, end-diastolic pressure and left
ventricular pressure data taken at the peak of the adenosine
dose-response curves . Again, no significant difference was
found between the pre- and poststun groups with analysis of
variance (p > 0
.1)
.
Autoregulation. Average coronary blood flow as a func-
tion of perfusion pressure before and after ischemia is
depicted in Figure I . In the absence of adenosine vasodila-
tion, blood flow ranged between 1 .21 _- 0 .13 to 0.18
0.03 ml/min per g before ischemia and 1 .15 ± 0 .14 to 0 .18 r
0.01 ml/min per g after ischemia within the coronary pres-
sure range of 140 to 20 mm Hg . During adenosine vasodila-
lion, blood flow ranged from 5.96 ± 0 .43 to 0.31 -
0 .04 mUmin per g before ischemia and 6 .57 ± 0.41 to 0.28
0 .03 ml/min per g after ischemia (coronary pressure 140 to
20 mm Hg) .
To assess autoregalation, coronary blood flow w'as nor-
malized to the value at a coronary perfusion pressure of
100 mm Hg . The dependence of coronary blood flow (F,IF,)
on coronary perfusion pressure (P,IP0
)
in the control and
stunned myocardium is illustrated in Figure 2 . The points
defining the pressure-flow relation were best fit v :ith a
second-order polynomial equation :
Prc .smnning OF;/F,,) = -0A0(P,IP,
)'
+ 1.411P,/P,) - 4,23 x 10 '1 (r = 0.95)
Posistunnin€ [(F,IF„) _ -023(P;/P„)-
+ I .21)P,lP„)
- 3 .34 x I0- al IT 0.95) .
As can be seen. there is no difference between the two
curves .
The autaregulatorv gain is depicted in Figare (A . Using
the coronary perfusion pressure points of 140 and
100 mm Hg, the autoregulatory gain in the condition before
stunning was 0
.15 z 0 .09 and 0.05 ± 0 .08 in the poststunning
condition Ip > 0.10 INS))
. Over the coronary pressures of
100 to 60 mm Hg, the autoregulatory gain before stunning
was 0 .19
.
0.09 and 0.25 ± 0.11 after stunning (p > 0 .1
INSI) . The loss of autoregulalion during adenosine-induced
maximal vasodilalion is illustrated in Figure 3A by negative
vallrts
. As before, no significant difference in the gain was
detected after reperfusion compared with the preischemic
control condition.
The mean nuroregnlutory gaip .s are low compared Inith
order published results (18 .19)
. In some dogs, the maximal
autoregulatory gain value was not within the predefined
range of 140 to 100 mm Hg Or 100 to 60 mm Hg
. Therefore,
to increase the sensitivity of the comparison of the autoreg-
ulatory gain values between the two conditions, the maximal
autoregulatory gain value over the entire range of 140 to
60 mm Hg (in steps of 40 mm Hg) for each dog was selected
and used in the group mean . This yielded a maximal auto-
regulatory gain value of 0.41 ± 0 .08 before stunning (Fig
. 3B)
and a mean autoregulatory gain value of 0
.50- 0.06 after
stunning (p > 0
.1 INSI) . In addition, when the autoregula-
tory gain values after stunning were taken by using the same
160
pressure range that yielded the maximal autoregulatory gain
Perfusion Pressure (-hg)
values before stunning, an average value of0
.36±(i .08was
Figure 1 . Coronary pressure versus coronary flow curve ICBFI for
nine dogs before (Pre-stun) and after (Post-stunt ischemia in the
presence (+ADO) and absence (-ADO) of adenosine-induced max-
imat vasodilalion .
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Figure 2 . Normalized coronay pressure IP, P„I ve
eflow before (Pre-stun) and after (Post-stun) ischemia in th absence
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Figure 3 . A, Autoregulatory gain (ArG) before (Pre-stun) and after
(Post-stun) myocardial stunning with and without adenosine (ADD)
vasodilation . There were no significant differences in autoregulatory
gain betwen conditions before and after stunning in the coronary
pressure ranges of 140 to 100 mm Hg and 100 to 60 mm Hg. Values
are mean values ± SEM In = 91 . B, Maximal autoregulatory gain
(pressure [PI range 140 to 60 mm Hg) before (Pre) and after (Post)
myocardial stunning in all nine dogs and in a subset of five dogs with
initial autoregulalory gain values >0 .40 . There were no significant
differences (p > 0.1) in the maximal autoregulatory gain values
between conditions before and after stunning in either group . The
third column in each group represents the mean autoregulatory gain
value after stunning in the coronary pressure range used to obtain
the maximal autoregulatory gain value before stunning . F = flow ;
F,, = normalized flow .
obtained (p > 0.1 INS)) . Peor initial autoregulation in some
dogs might have masked an overall effect of ischemia and
reperfusion on coronary autoregulation . Therefore, a subset
of five dogs with initial autoregulatory gain values >0 .40
before stunning was selected (Fig . 3B) . In this group, the
mean maximal autoregulatory gain value was 0 .57 ± 0 .09
before ischemia and 0.52
.
0.09 after ischemia (p > 0 .1
INS]). With use of the same pressure range as that used
before stunning, the autoregulatory gain value after stunning
was again slightly lower (0 .44 ± 0.09) but not significantly
different from the maximal value obtained before stunning.
Adenosine dose response. In seven dogs, a dose-response
curve for adenosine vasodilation was obtained at a constant
6.0 ]
5.0} -
•P
re-stun /u_u
E o-ep est-stun
•
a.o! bL~
•
a _d
z .c-
to-
-¢2 -¢
.0 -3.a -3 .4
V
log [Adenosine (mg/ml)]
Figure 4 . Adenosine dose-response curve in one dog at a coronary
pressue of 100 mm Hg before (Pre-stun) and after (Post-stun)
ischemia . Adenosine concentration in coronary blood is expressed
as the log [Adenosine infusion rate, (mg/min)/Coronary blood flow
(ml/min)l . After ischemia, the response curve shifted to the right,
with coronary blood flew (CBF) reaching higher plateau values than
before ischemia .
coronary perfusion pressure of 100 mm Hg . The log dose-
response curve of a typical dog is presented in Figure 4 .
Adenosine concentration (mg/ml blood) was calculated by
using the adenosine infusion rate (mg/min) divided by the
measured coronary flow (ml/min) at each experimental
point . In the reperfused myocardium, the curve is shifted to
the right, with the concentration of adenosine required to
achieve half-maximal flow (EC,
0)
being greater in the post-
ischemic condition . The log
ECso
of the postischemic myo-
cardium was significantly different (that is, less negative)
from the control condition before stunning (P < 0.05) (Table
3) . These data indicate that exogenous adenosine is a less
potent coronary vasodilator over a defined range of concen-
trations after transient ischemia and reperfusion .
Although there was a rightward shift in the adenosine
dose-response carve. there was no significant difference in
the instantaneous slope at the
EC50
point between the
conditions before and after stunning (p > 0 .1) (Fig . 4, Table
3)
. An unexpected finding was a higher plateau value in
coronary flow at maximal conductance after ischemia (Fig .
4) . Thus, in the reperfused condition, the dose-response
curve continues upward, crosses the curve before stunning,
and eventually plateaus at a higher level of coronary flow
.
Table 3. Variables Defining the Adenosine Log Dose-Response
Curve in the Control (Pre) and Postischemic (Post) Myocardium
in Seven Dogs
Log EC,
n
Slope at EC, a
Pre -4.01 ± 0 .11 5.43 1.37
Post -3 . 88 s 0.1 N 8.97 x 1 .721
'Significantly different flour preisehemic value (p < 0.051. (Value not
signifirontly different compared with before ischemia value Ip > 0.11. Values
are mean values x SEM . EC,,, = half-maximal flow.
Coronary Pressure (mEnHg)
Figure 5. Differences in coronary blood flow (CBF) between post.
and preischemic conditions at various perfusion pressures . Values
are mean values ± SEM ; n = 9 except at coronary pressure -
30 mm Hg with adenosine (ADO) In = 7) and coronary pressure
= 30 mm Hg without adenosine in = 8), coronary pressure =
20 mm Hg with adenosine (n = 7) and coronary pressure =
20 mm Hg without adenosine (n = 4)
. Coronary blood flow was
significantly higher during adenosine vasodilation in the postisch-
emic condition (p < 0 .05) (comnary pressure = 140 to 60 mm Hg) .
In the absence of adenosine, postischemic blood flow tended to be
lower than corresponding preischemic values . Coronary pressure =
80 mm Hg, p < 0 .05 ; coronary pressure = 100 mm Hg. p < 0.07;
coronary pressure = 120 mm Hg . p < 0.06.
This indicates that the maximal conductance (plateau) pro-
duced with adenosine was actually greater in stunned myo-
cardium. This effect was present over a wide range of
coronary perfusion pressures .
Myocardial blood flow. Figure 5 depicts the average
difference in coronary blood
flow between the experiment
before and after stunning as a function of perfusion pressure
in the presence and absence of adenosine
. During adenosine-
induced maximal conductance (plateau values) . the differ-
ence in coronary flow between the preischemic and postis-
chemic states exhibited a pressure-dependent trend, which
was significant over the pressure range of 60 to 140 mm Hg
(p < 0 .05). This effect could not be due to differences in the
adenosine concentration because the calculated adenosine
concentrations were not significantly different at any perfu-
sion pressure between the two conditions (Table 4) .
In contrast, corotlors blood floe' (F) tended to be luster
in
	
120 .0
reperfused myocardium in the absence ofadenosite (Fig. 5),
a difference that was significant at a coronary pressure of 100 .0
80 mm Hg (AF = -0
.15 -- 0
.06 ml/min per g, p < 0 .05) and -'
of borderline significance at coronary pressure = 100 mm Hg
(p = 0.06) and 120 mm Hg (p = 0 .09). O7
Segmental fiurction. At a coronary pressure of 100 mm HgE
the percent segmental shortening was 24
.0 ± 2.7% of the U"
end-diastolic length before stunning and 16.4 ± 3.2%
after
stunning
. The effect of perfusion pressure (160 to 30 mm Hg) on
myocardial segment function in the left anterior descending
region before and after ischemia is shown in Figure 6 . Segmen-
tat shortening was expressed as a percent of the value at a
Sears are m valves - SESt n - 9 except at coronary pressure
lCorPI = 10- Hgln = 71 and coronary pressure= 20 mm Hg In-6)- Paired
11051 rompar6on demonstrated no •i_nifi1 .91 difference in the nmcentrarion
of adcnn i at each
perfusion
pres re before and after schema ADO
lug'mn= Adenosine standard solution Img'mll
x
Infusion rate in)nm P
Coronap-blood fox 101
isin per g
z 10°.
coronary pressure of 100 mm Hg. The relation of normalized
function to coronary pressure was superimposable in the
conditions before and after stunning, with a similar break point
and overlap in function over a wide range
of
pressures.
Tire effects of omsimnl odenesine-induced rnsodileriari
On, rovrrurrile funrtiort in n0•ocordiur I before nod after
snoring
at normal (100 mm Hg) and low (40 mm Hg)
perfusion pressures is shown in Figure 7. Maximal adenosine
vasodilation before stunning (100 mm Hg) produced a slight
but significant depression of function to 93 -_ 27 of the value
before adenosine (p < 0 .05), but had no significant effect on
function at 40 mm Hg . In c ontrast . in stunned myocardium.
adenosine vasodilation now increased contractile function to
78 '- 7% . Ip < 0.01) at 100 mm Hg and to 69 .4 ± 9.9% of the
Figure 6. Myocardial segment shortening ISeg . Short
.) in the region
perfused by the left anterior descending coronary artery as a
function of coronary perfusion pressure before (Pre-stun) and after
(Post-stun) ischemia and reperfusion in eight dogs . Normalized
segmental shortening is expressed as a percent of the value at a
perfusion pressure of 100 mm Hg . Normalized contractile function
s similar before and after ischemia over a wide range of coronary
pressures .
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Figure 7
. The effect of adenosine-induced maximal vasodilation
(+ADO) on myocardial segment function in the area perfused by the
left anterior descending coronary artery before (Pre-stun) and after
(Post-stun) ischemia (coronary pressure = 100 and 40 mm Hg,
respectively) in nine dogs . Function is expressed as percent seg-
mental shortening (%SS) normalized to the initial prestun (control)
value . Adenosine slightly but significantly decreased function before
ischemia (100 mm Hg) . but increased function above a depressed
value after ischemia ('p c 0.05 compared with corresponding value
in absence of adenosine). Values ace mean values ± SEMW
control value at 40 mm Hg (p < 0 .05). Thus, in the post-
ischemic myocardium, function was enhanced during the
increased coronary blood flow associated with adenosine
vasodilation at both normal and reduced perfusion pres-
sures.
Discussion
The
flue major findings of this study are 1) the ability of
myocardium to autoregulate is unchanged after IS min of
ischemia and 30 min of reperfusion ; 2) the adenosine dose-
response curve is shifted to the right in the postischemic
myocardium, with no apparent change in slope
; 3) adeno-
sine-induced maximal conductance is greater in the post-
ischemic state than in the control state
; 4) the relation of
normalized con:ractile function to perfusion pressure is
similar before and after ischemia ; and 5) maximal adenosine
vasodilation is associated with an enhancement of contrac-
tile function in the stunned myocardium at normal and low
perfusion pressures .
Autoregulation. Fifteen minutes of total left anterior de-
scending artery occlusion and 30 min of reperfusion in the
open chest anesthetized dog model was sufficient to produce
moderate postischemic dysfunction by a 34% reduction in
systolic segmental shortening in the left anterior descending
artery-perfused segment . With this degree of myocardial
stunning, them was no change in the ability of the repetfused
coronary circulation to autoregulate compared with that in
the preischemic condition at perfusion pressures of 60 to
140 mm Hg. Although this effect is evident by the virtual
overlap of the pressure versus coronary flow curves ob-
tained before and after ischemia (Fig . 2), the similar degrees
of autoregulation are best demonstrated by a comparison of
JACC Vol . III, No. 3
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the autoregulator gains (Fig . 3)
. The autoregulatory gain
quantifies the degree of autoregulation by comparing the
observed change in vascular conductance (I/resistance) be-
tween two pressures to the calculated change in conductance
assuming constant flow (18,19). Thus, when conductance in-
creases during pressure reduction so that the difference in flow
= 0, the autoregulatory gain = 1, which indicates perfect
autoregulation . When conductance decreases so that the rela-
tive decrease in flow equals the relative decrease in pressure,
the autoregulatory gain = 0 and there is no autoregulation .
Values of autoregulatory gain <0 indicate that the relative
decrease in flow is greater than the relative decrease in pres-
sure, an effect that is probably a result of the passive elastic
behavior of the vascular bed (20). This closed loop gain model
assumes a rigid nondistensible system (19) and does not ac-
count for viscoelastic properties of vessels . In the present
study, during adenosine vasodilation, the negative values of
autoregulatory gain indicate the expected lack of autoregula-
tion. In contrast, the positive and similar values of autoregula-
tory gain obtained before and after ischemia in the absence of
adenosine (Fig. 3) demonstrate that autoregulation in the
coronary vascular bed is not greatly altered by transient
ischemia in this model of stunned myocardium .
The finding that the autoregulatory gains were not signif-
icantly different before and after ischemia supports the
findings of Johnson et al. (21) . They found that after 20 min
of ischemia without infarction in pigs, the slopes on the
linear portion of the average pressure versus flow plots were
unchanged compared with control findings . However, the
use of the closed loop gain to quantify autoregulation is
generally preferred to the slope of the pressure-flow curve
because the slope of the pressure-flow curve is influenced
not only by autoregulation, but also by the initial vasomotor
tone (19) .
Coronary autoregulation is defined at constant myocar-
dial oxygen consumption
(MVO
2) and
loading
conditions. In
the present study, global determinants of myocardial oxygen
consumption were not significantly altered after reperfusion,
as indicated by aortic pressure and preload, and the studies
were performed during beta-adrenergic blockade in seven of
nine dogs
. Regional myocardial oxygen demand could have
changed. Increases as well as decreases in the myocardial
oxygen consumption of stunned myocardium have been
reported by other investigators (7,9,11,22) and these effects
are probably model dependent . Whether oxygen consump-
tion is less or greater than control values, the differences are
of a relatively small magnitude . In a recent study
(23). it was
shown that there is only a poor correlation (r = 0 .30) of
myocardial oxygen consumption with the autoregulatory
gain over a wide range of oxygen consumption levels . In
light of these findings, any alterations in the degree of
autoregulation due to the small changes in postischemic
myocardial oxygen consumption are likely to be minimal .
Adenosine dose response. There is a shift to the right of
the adenosine dose-response curve in the postischemic myo-
cardium (Fig . 4, Table 3), indicating that exogenous adeno-
JACC Vol . 18. No . 3
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sine is a less potent vasodilator in the postischemic state .
This observation is not due to an overall decreased dilator
capacity of the coronary vascular smooth muscle, because at
the plateau of the adenosine dose-response curves the level
of coronary flow was actually greater in the postischemic
state over a wide range of perfusion pressures (Fig . 5) . Other
possible explanations for the larger half-maximal flow (EC,
n)
are 1) a decrease in adenosine concentration at the vascular
smooth muscle effector site as a result of altered adenosine
metabolism and uptake mechanisms ; 2) a decrease in aden-
osine receptor number in the coronary vasculature after
reperfusion ; and 3) altered postreceptor transduction mech-
anisms . The calculated adenosine concentration in coronary
blood was the same at each perfusion pressure before and
after the ischemic period (Table 4) . However, the relation of
the intravenous level to the interstitial adenosine concentra-
tion, which is believed to be more relevant to coronary
vasoregulation, could be altered in reperfused myocardium
.
Increased levels of adenosine deaminase, enhanced cellular
uptake or metabolism of adenosine, increased interstitial
volume or an alteration in the diffusional flux of adenosine
from blood to vascular smooth muscle could all contribute to
a decrease in the adenosine concentration at the vascular
smooth muscle effector site .
The diminished potency of adenosine as a vasodilator in
the postischemic myocardium may relate to the reported
changes in the coronary reactive hyperemic response in
stunned myocardium (9). In that study (9), the duration of
reactive hyperemia was shorter and the total excess flow
repayment was diminished in the stunned myocardium after
10-s occlusions but was only of borderline significance after
20-s occlusions
. Adenosine, which accumulates during
ischemia (14,15,24) . likely mediates a portion of the reactive
hyperemic response (14,25). A reduced sensitivity to aden-
osine could explain the reduction in the extent of flow
repayment after a 10-s occlusion, assuming that the same
interstitial adenosine levels are achieved during reactive
hyperemia before and after ischemia
. Higher concentrations
of adenosine are presumably reached during coronary occlu-
sions of 20-s duration . The absence of differences in the
reactive hyperemic response between control and postisch-
emie states in this case (9) may have been due to the shape
of the adenosine dose-response curve in the stunned myo-
cardium, which approaches and crosses that of the myocar-
dium before stunning at higher adenosine concentrations
(Fig. 5) . Other investigators (26) have demonstrated that the
high energy adenine nucleotide pool from which endogenous
adenosine is derived is decreased in the postischemic myo-
cardium . The rate of degradation of this pool during brief
coronary occlusions may not be the same in normal and
stunned myocardium
. A decreased adenosine accumulation
during ischemia and a diminished potency are not mutually
exclusive and may both contribute to the decreased reactive
hyperemic response in the postischemic state.
Myocardial blood flow, At maximal vasoditation with
adenosine, higher levels of coronary flow were seen in the
ITO ET AL.
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postischemic myocardium (Fig . 1 .4 and 5). The difference in
flow was significant and increased progressively over the
perfusion pressure range of 140 to 60 mm Hg . In contrast to
the present results, an unchanged (8 .9.27) or reduced (10.12)
coronary vasodilator reserve in the stunned myocardium has
been reported by others . The reason for this difference is not
clear . In the present study use of extracorporeal coronary
perfusion and direct in- : ; ',' _.u, .. m .-: - - .tied
assessment of autoregulation and blood flows over a wide
range of accurately controlled pressures and allowed deter-
mination of a true plateau level of conductance . The changes
we describe in maximal conductance may not have been
easily seen with preparations in which coronary perfusion
pressure varied with aortic pressure and a complete dose-
response curve was not assessed . Additionally, we found
that the dose-response curve to adenosine is shifted to the
right in reperfused myocardium (Fig
. 4, Table 3) . Thus .
reserve could be underestimated if the same dose of adeno-
sine used before stunning was used after stunning. A pre-
stunning plateau dose could occur on the sloping portion of
the curve after stunning . Furthermore
. because the magni-
tude of the flow increase is pressure dependent (Fig. 5) . the
increase could be missed when determining the flow reserve
at lower perfusion pressures (< 100 mm Hg) . In the study by
Jeremy et al . (8), coronary flow and conductance data tended
to be greater during intracoronary adenosine infusion in
stunned myocardium but the difference did not reach statis-
tical significance . In another study (9), adenosine was given
intravenously and a dose-response curve was not assessed :
the coronary flow increase of only threefold above the
control flow suggests that maximal adenosine-induced coro-
nary flow level was not reached
. Similarly, intravenous
papaverine or dipyridamole yielded increases in postisch-
emic coronary flow of only 80/ to 150% of control flow (27) .
which are clearly not maximal .
In a more recent study by Bolli et al . (12),
blood flow in
reperfused myocardium was assessed with microspheres
before and during intravenous adenosine or papaverine
.
Similar to the findings we report here (Fig
. 5), blood flow in
the absence of vasodilators was depressed in the reperfused
myocardium compared with control flow
. However, in con-
trast to our results
. the maximal conductance was reported
to be reduced after 15 min of ischemia and 4 h of reperfusion
.
The reason for this discrepancy is unclear . One possibility
that is consistent with our data is that a true maximal
conductance to vasodilators in reperfused myocardium was
not actually reached in that study (12) in which a single fixed
adenosine dose was used (because of a shift in the dose-
response curve) . Because postischemic dose-response
curves in relation to vasodilators were not assessed in that
study . i t is difficult to evaluate this possibility
. Differences in
the degree of postischemic contractile dysfunction or the
duration of reperfusion may also be involved
. In that study
(12), which used Doppler-determined wall thickening mea-
surements
. average contractile function was <5% of control
values at 4 h of reperfusion in contrast to the decrease in
866 rn 11 A
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segmental shortening to 66% of control values at 30 min of
reperfusion reported here . Although the duration ofreperfu-
sion may be involved, it is likely that the high control heart
saes in that s,, ,dy (160 to 180 beats/min) compared with the
roc, nl 90 to 95 beatsimin in our study are in part respon-
,ii,le for this difference .
Mechanism of increased vasodilator reserve in postischemic
myocardium . The mechanism for the increase in maximal
coronary conductance in the present model is not clear .
However. an up-regulation of adenosine receptors or an
increase in the sensitivity to adenosine through enhanced
signal transduclion would be unlikely because a decreased
responsiveness to adenosine was seen al lower concentra-
tions . Enhanced collateral flow directed away from the
stunned region also seems unlikely because other investiga-
tors (19) have shown that inlerarlerial pressure gradients of
60 to 80 mm Hg are required to demonstrate collateral flow
during maximal vasodilation . Aortic pressure, which was the
determinant of right coronary artery and left circumflex
perfusion pressures
. maintained a range of 80 to 130 mm Hg .
Thus, although at an elevated left anterior descending artery
perfusion pressure of 140 mm Hg . collateral flow away from
the stunned region may have contributed to the increase in
coronary flow seen after ischemia, the significant increases
in flow at coronary pressure of 60 .80 and 100 mm Hg cannot
be attributed to this mechanism .
Another possible mechar :sm for the increase in vasodi-
lalor reserve seen in the postischemic state may involve the
influence of systolic compression of the coronary vascula-
ture . At maximal vasodilation, when tnttoregulation is abol-
ished, systolic compression assumes a greater role in deter-
mining coronary blood flow (13) . Thus, a decrease in the
magnitude of the extravascular component of coronary
resistance due to reduced systolic shortening in stunned
myocardium contributes to the perfusion pressure-depend-
ent increased coronary flow . Damage to the extracellular
collagen matrix in reversibly injured postischemic myocar-
dium (28) resulting in altered myocardial strains and vascular
compressive forces may be involved . Additional experi-
ments will he needed to evaluate these possibilities .
Myocardial function and flow in stunned myocardium .
One possible mechanism for the reduced function in stunned
myocardium is a residual ischemia due to microvascular flow
heterogeneity . Thus, sites of high microvascular resistance
could produce patchy ischemia and reduced contractile
function . Total large vessel inflow measurements or micro-
sphere determinations of transmural flaw, which are limited
by sampling size . may not he sensitive enough to observe the
microvascular heterogeneous changes (29) . If residual isch-
emia -as an important determinant of the reduced function
in stunned myocardium
. such an area could be much more
sensitive to reductions in perfusion pressure. However, as
shown in Figure 6, we found that the curves relating con-
tractile function to coronary pressure were very similar
before and after transient ischemia and reperfusion, thus not
supporting the residual ischemia hypothesis. This conclusion
is in agreement with the study by Both et al . (12) . in which no
correlation of postischemic blood flow and contractile func-
tion was found in stunned myocardium .
In our study, the adenosine-induced increases in coronary
flow at constant pressure were associated with a significant
improvement in contractile function in the stunned region of
the myocardium (Fig
. 7), as previously reported (8,9 .27) .
Although heart rate and global myocardial loading conditions
as measured by end-diastolic pressure and peak left ventricular
pressure were not significantly different, regional loading con-
ditions could be different and may have contributed to the
increase in percent segment shortening seen . Currently, there
are several hypotheses advanced as to the mechanisms respon-
sible for this enhancement of function with increased flow .
Reflex sympathetic activation after adenosine vnsodilation may
provide the inotropic stimulation; however, in our study, seven
of the nine dogs with beta-blockade had increased percent
segmental shortening after coronary vasodilation (from 0 .63
0.08 to 0.77 ± 0.08). Thus, inotropic stimulation through beta,
receptors seems unlikely . A direct stimulatory role of adeno-
sine on cardiac contractility is also not likely because adeno-
sine has been shown to be a negative inotropic agent (30) . This
effect is probably responsible for the reduction in segmental
shortening in response to adenosine before ischemia (Fig. 7) .
Chronic denervated hearts have increased sensitivity to the
electrophysiologic effects of adenosine (31) ; however, we ob-
served a positive inotropic effect and our preparation was
acutely d enervated . so this phenomenon was not a significant
factor. The improved function after increased flow at a con-
stant perfusion pressure in stunned myocardium may be due to
the Gregg phenomenon (13,32). This phenomenon is consid-
ered to be best explained by the "garden hose" hypothesis .
In the present study, we found no appreciable change in the
end-diastolic segment length after maximal vasodilation in the
stunned myocardium. However, this result may be simply due
to a sensitivity limitation . Enhancement of function occurred at
both normal perfusion pressures (100 mm Hg) with a four- to
fivefold adenosine-induced increase in blood flow and at a
pressure of 40 mm Hg with less than a two-fold increase in
brood flow (Fig. I and 7). A previous study (8) found that the
greatest enhancement of function in stunned myocardium
occurred at a relatively low dose of adenosine, with a doubling
of flow even though a l0-fold higher dose yielded a fourfold
increase in coronary flow . Perhaps the dilation as opposed to
the flow increase may actually be the more important factor in
increased function .
Conclusions. Myocardial function is clearly depressed in
this model of ischemia and reperfusion, but postischemic
myocardium is able to auloregulate with the same gain as in
its preischemic state . The maximal coronary conductance is
not depressed, but paradoxically slightly greater than control
conductance, even with a reduced sensitivity to adenosine .
The relation of contractile function to coronary perfusion
pressure in stunned myocardium is very similar to that of
normal myocardium . The enhancement of function in
stunned myocardium by vasodilation with adenosine occurs
)ACC vet . In . No. 1
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at low and normal perfusion pressures- suggesting that
vasoddalion as opposed to flow may tic the more important
factor in this effect
.
Appendix
Qataatlfcorion of Areroregrrfnrion
The degree of autore€uletion was
quantified
es the dosed loop
gain of the perusion circuit as described by N'orris at el . 1!C! dad
pole 1191.
AKi = I - [1 FF")"A11P„I].
where ArG - eutoregulutory gain. F„ is the initia steeds stale flow
at initial pressure P,, and AF is the change in Boa fur a riven chance
in pressure iAP)
.
If AF = F„ - F; and AP = Po - P,, where F, Ia the new steady
state flow at the pressure P; . then the equation for ,utoregulainrv
gain can be written as :
distil = I - [(AF/F„1'IAPIP„IJ =
(IF,IP,I - IF,;P„)J[IF;P,i - IF,,P„1]
Thus, autoregulatory gain compares the obsen cd change in ',a,cu-
far conductance for a given change in pressure .
(F,iP,) - 1 F„'P„I.
to
the calculated change an conductance if flow
sir:, constant 1 F„'P, t
- IFJP„1
1101 .
Alternatively, [(AF/F„CAP/P„
11
can br vicswd as the
,
logo o€the
normalized pressure-flow curve between taro points IP,,
.F,,l and
( P;,F,) (16). The gain (autoregulatory gain) varies between it and I,
with u indicating no autoregulation and 1 indicating perfect autorcg-
ulalion . Negative values for autoregulatory gain arc also poa'ible
daring vasodilation. with greater proportional decrease, in flow
relative to changes in pressure
.
We thank Henry Mature and Richard Pavelec for erpen technical -,-.situ
in the completion of these experiments .
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